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Transgenic misexpressionThe expression of the cell recognition molecule F3/Contactin (CNTN1) is generally associated with the func-
tions of post-mitotic neurons. In the embryonic cortex, however, we ﬁnd it expressed by proliferating ven-
tricular zone (VZ) precursors. In contrast to previous ﬁndings in the developing cerebellum, F3/Contactin
transgenic overexpression in the early cortical VZ promotes proliferation and expands the precursor pool
at the expense of neurogenesis. At later stages, when F3/Contactin levels subside, however, neurogenesis re-
sumes, suggesting that F3/Contactin expression in the VZ is inversely related to neurogenesis and plays a role
in a feedback control mechanism, regulating the orderly progression of cortical development. The modiﬁed
F3/Contactin proﬁle therefore results in delayed corticogenesis, as judged by downregulation in upper and
lower layer marker expression and by BrdU birth dating, indicating that, in this transgenic model, increased
F3/Contactin levels counteract neuronal precursor commitment. These effects also occur in primary cultures
and are reproduced by addition of an F3/Fc fusion protein to wild type cultures. Together, these data indicate
a completely novel function for F3/Contactin. Parallel changes in the generation of the Notch Intracellular
Domain and in the expression of the Hes-1 transcription factor indicate that activation of the Notch pathway
plays a role in this phenotype, consistent with previous in vitro reports that F3/Contactin is a Notch1 ligand.
© 2012 Elsevier Inc. All rights reserved.Introduction
Classically, members of the family of L1- (Maness and Schachner,
2007; Schmid and Maness, 2008) and Contactin-like (Bizzoca et al.,
2009; Shimoda andWatanabe, 2009) cell adhesion molecules (collec-
tively the L1-CNTN family; Katidou et al., 2008) have been implicated
in the post-mitotic phases of neural differentiation, notably cell migra-
tion, axon growth and guidance, synapse formation and maintenance,
myelination and nerve impulse conduction (Boyle et al., 2001; Gerrow
and El-Husseini, 2006; Kazarinova-Noyes et al., 2001; Murai et al.,
2002; Poliak and Peles, 2003; Stoeckli, 2010). However, evidence has
emerged that L1-CNTN expression on post-mitotic cells may affect the
proliferation/differentiation behaviour of dividing precursors, causing
them to exit cell cycle and differentiate (Bizzoca et al., 2003; Dihné et
al., 2003; Hu et al., 2003; Xenaki et al., 2011). Therefore thesemolecules
may play a part in the feedback systems bywhich post-mitotic cells reg-
ulate precursor differentiation, to ensure the ordered sequence ofurley),
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rights reserved.development (Bel-Vialar et al., 2007; Gazit et al., 2004; Platel et al.,
2008; Seuntjens et al., 2009; Vernon et al., 2006).
Although feedback from post-mitotic differentiated cells to cycling
precursors is well documented, it may also occur between cycling
cells at different stages in their differentiation program, determining
for example that one cell remains a progenitor while the other com-
mits to a particular fate. This is best described for the Notch pathway,
where Delta-like proteins on a committed precursor cell signal via
Notch receptors to inhibit neighbours from adopting the same fate
(Castro et al., 2005; Hämmerle and Tejedor, 2007; Kageyama et al.,
2008; Louvi and Artavanis-Tsakonas, 2006) and has been particularly
well studied in the developing mammalian cortex, where it is related
to neuronal and glial speciﬁcation. Indeed, in this system, Notch signals
maintain the balance between production of committed precursors and
maintenance of neural stem cells (Corbin et al., 2008; Gaiano et al.,
2000; Hitoshi et al., 2002; Kawaguchi et al., 2008; Mizutani and Saito,
2005).
The type of progeny produced during corticogenesis varies with
time: neurons are born earlier than glia (Miller and Gauthier, 2007)
and a cell intrinsic mechanism is responsible for the generation of dif-
ferent neuronal subtypes at different times (Gaspard et al., 2008,
2009; Leone et al., 2008), which then colonize speciﬁc cortical layers
according to their birth date (Frantz and McConnell, 1996; McConnell,
1991; Mizutani and Saito, 2005; Morrow et al., 2001). Paradoxically,
maturing progeny appears to be both the source of signals thatmaintain
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switch them from neurogenesis to gliogenesis (Barnabé-Heider et al.,
2005; Namihira et al., 2009), and Notch signaling is involved in both
cases.
In this study we use the cerebral cortex as a model to address
whether L1-CNTNs can act at earlier stages in the neural differentiation
program. We have previously shown that transgenic misexpression of
F3/Contactin (F3) transiently attenuates cerebellar neurogenesis
(Bizzoca et al., 2003; Xenaki et al., 2011) by suppressing precursor pro-
liferation. Together with evidence that its expression in the cerebellum
is normally restricted to post-mitotic neurons, this suggested that F3
was part of the feedbackmechanismcontrolling granule neuronprecur-
sor development (Gazit et al., 2004). A parallel study demonstrated that
F3 was similarly able to promote oligodendrocyte precursor differenti-
ation in vitro by binding Notch receptors and activating Deltex-1-
dependent Notch signaling (Hu et al., 2003). Together, these studies
suggest that F3 expression on post-mitotic cells affects precursor
proliferation and differentiation. Here we show that in the develop-
ing cortex, surprisingly F3 is normally expressed on proliferating
ventricular zone (VZ) precursors. Transgenic F3 overexpression sup-
presses neuronal commitment, expands the precursor pool and perturbs
cortical development, concomitant with Notch pathway activation. By
contrast, when F3 is subsequently downregulated postnatally, neuronal
commitment is strongly promoted. These data indicate for the ﬁrst
time that regulated expression of F3 is critical to the normal timing of
neurogenesis in cortical development and suggest that L1-CNTNs may
have a general role in modulating the behaviour of neural progenitors,
in addition to their familiar post-mitotic functions.
Materials and methods
Animals and immunohistochemical procedures
The generation of the TAG/F3 and TAG/LacZ transgenic lines,
expressing the F3 cDNA and a LacZ reporter, respectively, under control
of a regulatory region of the human TAX-1 gene has been described
(Bizzoca et al., 2003). TAG/F3 mice were maintained as heterozygotes
and time-pregnant mice were used throughout, the day of the vaginal
plug being considered as embryonic day 0 (E0).
Immunostaining was performed as described (Bizzoca et al., 2003)
on either 16μm cryostat sections or 4 μm sections from parafﬁn-
embedded tissues. For F3, the rabbit LIM antiserum, raised against
its 20 N-terminal amino acid sequence and reproducing its expres-
sion proﬁle (Bizzoca et al., 2003; De Benedictis et al., 2006;
Virgintino et al., 1999) or, alternatively, a mouse monoclonal anti-
body (BD Biosciences, San Jose, CA, USA) were used. TAG1 was
detected through a rabbit antiserum (Dodd et al., 1988). All antisera
or monoclonal antibodies were diluted in saturation buffer (3% BSA,
5% FCS, 0.25% Triton X-100 in PBS) to the appropriate working
concentration.
Mouse anti-β-galactosidase monoclonal antibodies and rabbit
anti-NeuN, BLBP and Neurogenin 2 sera were from Chemicon Interna-
tional Inc, Temecula, CA, USA. The goat anti-Phosphohistone H3
serum, the rabbit anti-Tbr-1 and anti-CDP/Cux sera were from Santa
Cruz Biotechnology, Santa Cruz, CA, USA; the rabbit anti-Cleaved
Notch-1 and anti-Hes-1 sera were from Cell Signaling Technology,
Boston, MA and from Toray industries, Tokyo, Japan, respectively.
BrdU and p27Kip1 were detected by mouse monoclonal antibodies
from Roche Molecular Biochemicals (Mannheim, Germany) and BD
Biosciences, respectively. The proliferating cell marker Ki67 (Yu et
al., 1992) was detected by a rabbit antiserum (AbCam, Cambridge,
UK). For PCNA, a mouse monoclonal antibody from Chemicon was
used. Mouse monoclonal antibodies against RC2 and Vimentin were
from Hybridoma Bank, Iowa City, USA and from Dako, Milan, Italy, re-
spectively. Mouse alpha-tubulin monoclonal antibody was from
Sigma-Aldrich (Saint Louis, Missouri, USA).Biotinylated goat anti-rabbit immunoglobulins were from Vector
(Burlingame, CA, USA), rabbit anti-mouse IgG from Dako and donkey
anti-goat IgG from Santa Cruz. Alexa-ﬂuor 568 goat anti-mouse IgG
and Alexa Fluor 488 goat anti-rabbit IgG were fromMolecular probes,
Inc. Eugene, Oregon, USA. Horseradish peroxidase streptavidin and
the AEC kit were from Vector.
For each marker, the same immunostaining protocol was applied
at each developmental step, including section thickness, antibody
concentration, incubation time and developing conditions. Identical
conditions were also adopted for microscopic picture acquisition
and handling.
Histomorphometric analysis
Histomorphometric measurements were done by an interactive
color video-based Image Analysis System (IAS 2000, Delta Sistemi,
Rome, Italy). Four cortices from either genotype were analyzed at
each developmental step (E14, E16, E18, P0 and P8). 50 ﬁelds from
each cortex (42,467 μm2 at 40× or 179,437 μm2 at 20× magniﬁcations)
were acquired for eachmarker and for each genotype. The corresponding
images were digitised, optimized by contrast enhancement functions
and segmented by an interactive modality of the program. The program
also allowed to select for eachmarker the same threshold for both geno-
types. Once established the threshold, the resulting binary image was
processed by functions of the program allowing to measure the extent
of the immunostaining, deduced by the pixel numberwithin a given sur-
face. In order to select corresponding images for morphometric analysis,
coronal sections always included the anterior commissure and a great
care was taken in selecting for both genotypes corresponding regions
of the cortex along the antero-posterior axis upon comparison with
ﬂanking neural structures. In addition, in those ﬁelds which included
the ventricular border, empty zones corresponding to the ventricle itself
were excluded from the analysis.
When the number of cells labelled by a givenmarker was estimated,
this was done by using the NIH ImageJ program. Cell density was
assessed in vivo by referring cell number to identical surface areas. For
each marker, means values were calculated and the statistical signiﬁ-
cance of the observed variations was estimated by the t-test, in which
N was 4, i.e. the number of embryos analyzed for each marker and
genotype at each developmental stage. Finally, data were expressed
as the percent variation of each marker in TAG/F3 mice versus WT
littermates.
Similar procedures were followed for primary cultures generated
from embryonic day 16th (E16)WT and TAG/F3 hemispheres according
to Huettner and Baughman (1986) and plated (5×104cells/cm2) on
poly-D-lysine-coated (20 μg/ml) Lab Tek slides (Nunc, Rochester, NY
USA).
Cell proliferation and birth-dating assays
Mice subcutaneously injected with 5-bromo-2′-desoxy-uridine
(BrdU, Roche) (200 μg/g body weight) were sacriﬁced 1 h later.
Three-micrometer parafﬁn sections from brains perfused with 4%
paraformaldehyde in PBS were treated with 2 N HCl for 30 min and
then incubated with anti-BrdU monoclonal antibodies, followed by
Alexa Fluor 568-conjugated goat anti-mouse IgG. For BrdU birth-dat-
ing experiments, E14 and E17 pregnant mice were intraperitoneally
injected with BrdU (400 μg/g body weight) and sacriﬁced at postnatal
day 8 before BrdU detection as above.
For in vitro experiments, primary cultures (5×104cells/cm2) were
seeded onto Lab Tek slides, incubated with BrdU (10 μM in medium)
7 days after plating and ﬁxed with 4% paraformaldehyde in PBS
(30 min at 4 °C) 24 h later. The Lab Tek slides were then incubated
with anti-BrdU monoclonal antibodies. Biotinylated rabbit anti-
mouse immunoglobulins were then used, followed by horseradish
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by the AEC kit.
For PCNA immunolabelling, 4 μm sections from parafﬁn-embedded
tissues were incubated overnight at 4 °C with mouse anti-PCNAmono-
clonal antibodies (Chemicon) and thenwith Alexa 568 goat anti-mouse
IgG. For both BrdU and PCNA, the number of labeled cells per 40× ﬁelds
was then measured, the ﬁeld corresponding to 42,467 μm2.
Measure of cell cycle length
Precursor cell cycle length was measured on sections from litter-
mates obtained by crossing TAG/F3 mice heterozygotes. Brieﬂy, preg-
nant mothers were injected intraperitoneally with BrdU (200 μg/g
body weight) at either E14 or E16 and sacriﬁced 1 h later. The dissected
embryoswere genotyped andparafﬁn-embedded sectionwas generated
as above described. BrdU immunostaining allowed to detect cells in the S
phase, while the overall population of proliferating cells was identiﬁed
by immunostaining with a rabbit Ki67 antibody (AbCam, Cambridge,
UK). Cell cycle length was estimated based on the percentage of BrdU/
Ki67 double positive in all Ki67-positive cells, a higher percentage indi-
cating a shorter cell cycle (Chenn andWalsh, 2002; Komada et al., 2008).
Preparation and use of F3/Contactin-Fc fusion protein
F3-Fc fusion protein was prepared by transiently transfecting
HEK293T cells (Law et al., 2008) with F3-Fc expression vectors (gift
from C. Faivre-Sarrailh, CNRS UMR 6231, Marseille, France). Secreted
proteins were puriﬁed from supernatants on Protein G Sepharose
(MAbTrap kit, GE Healthcare). F3-Fc fusion protein was then added
to the culture medium of E16 forebrain primary cultures at 6 μg/ml
concentration. Incubation lasted for 48 h and then the cells were
ﬁxed as above before immunostaining. For measuring cell prolifera-
tion the cells were incubated with BrdU at the 22 h time point after
plating. Finally the slides were processed for immunostaining as
above indicated.
Immunoblot analysis
For immunoblot analysis, tissues extracts in RIPA buffer were
used. Aliquots of 60 μg protein, estimated by the Bradford (1976)
method, were separated on 7.5% polyacrylamide gels and transferred
ON to Nitrocellulose membranes. After blocking (1 h at 37 °C) with
saturation buffer (10% BSA, 10% FCS or 5% non fat dried milk in
Tris-Buffered Saline containing 0.05% Tween 20, TBST) the mem-
branes were incubated ON at 4 °C with primary antibodies diluted
in saturation buffer. After washing the membranes with TBST, the
immunoreactive bands were revealed by using biotinylated secondary
antibodies and the ECL system (GE Healthcare, Buckinghamshire, UK).
Band intensity on the autoradiographs was measured with the ImageJ
program (NIH, Bethesda, MD, USA) and, at each developmental step,
normalized using alpha-tubulin as an internal control.
Animal experimentation conformed to the European Communities
Council Directive of November 24, 1986 (86/609/EEC). Any measure
was taken so as to minimize animal pain and discomfort. In addition
the whole experimental procedure was approved by the Department's
institutional animal care and use committee.
Results
Our previous studies show that F3 is expressed in both the postnatal
cortex and cerebellum (Virgintino et al., 1999). In the cerebellum its ex-
pression was associated with post-mitotic cells and transgenic overex-
pression suppressed precursor proliferation (Bizzoca et al., 2003),
suggesting that the molecule might play a role in providing feedback
signals from maturing to proliferating cells. If F3 was playing a similar
role in developing cortex, we would expect to ﬁnd it expressed onpost-mitotic neurons born early in corticogenesis. Therefore, we exam-
ined F3 expression in the cortex between embryonic day 14 (E14) and
postnatal day 0 (P0), when the majority of neurons are generated
(Campbell, 2005; Miller and Gauthier, 2007).
F3/Contactin is expressed in both the cortical plate and the ventricular zone
As expected, F3 could be found in the cortical plate (CP) from E14
onward, mainly at E16 (Fig. 1A, a, e, i, m), consistent with it being
expressed on post-mitotic neurons. Surprisingly, however, at E14 a
strong immunoreactivity was found also in the ventricular zone
(Fig. 1A c), with highest levels in its most basal region, close to the
subventricular zone (SVZ). By contrast, expression was much lower
in the apical region, and essentially absent from cells at the ventricular
border. However, expression in this region increased at later stages
(Fig. 1 A, g, k, o) such that by E18 (k) and at P0 (o), a substantial number
of cells close to the ventricular surface were immunoreactive for F3.
Double staining with the Proliferating Cells Nuclear Antigen
(PCNA) at E14 revealed substantial F3-PCNA co-localization (Fig. 1B,
a–c and inset in the latter), strongly suggesting that F3 is expressed
on proliferating VZ precursors.
In the VZ, precursors progress through different phases of the cell
cycle while moving between its apical and basal regions, during the
so-called Interkinetic Nuclear Migration (INM; Götz and Huttner,
2005; Latasa et al., 2009; Sauer, 1935; Taverna and Huttner, 2010),
a mechanism of key relevance for the regulation of precursor fate in
different systems and species (Baye and Link, 2007; Del Bene et al.,
2008; Xie et al., 2007). The F3 expression proﬁle in the VZ at E14
could be consistent with the molecule being differentially expressed
during INM, with predominant expression in the most basal region,
where S phase occurs, and lower levels in the apical region, where
precursor commitment is thought to take place (Murciano et al.,
2002; Ohata et al., 2011).
To determine the signiﬁcance of this proﬁle, we sought to increase
F3 expression in the apical region in early corticogenesis. Given re-
cent reports of TAG1 expression in the cortical fetal stem cell niche
from at least E14 (Ma et al., 2008), we determined whether the
human TAG1 promoter fragment we used previously to misexpress
F3 in the cerebellum (Bizzoca et al., 2003) might be suitable for this
purpose. As shown in Fig. 1C at E14 (a) and E16 (b), this promoter
drove strong expression of a LacZ reporter in cells at the ventricular
border. Consistent with the report of Ma et al. (2008), double-
labeling with phosphohistone H3 (PhH3) antibodies demonstrated
that this proﬁle included expression in dividing precursors going
through M phase at the venticular surface (Fig. 1C, b–d; Murciano et
al., 2002). However, by E18 LacZ reporter expression had ceased in
both the VZ and the upper layers (not shown). Together, these data
suggested that the TAG1 promoter should be an appropriate tool
with which to deregulate F3 expression in the early cortical VZ.
We then analyzed the effects on F3 expression of the same TAG1
promoter fragment driving an F3 cDNA in TAG/F3 transgenic mice
(Bizzoca et al., 2003). Only minor, non-signiﬁcant differences in F3
expression were observed in the CP at E14 (109%, p=0.7; compare
Figs. 1Ab to Aa). By contrast, a signiﬁcant increase in immunoreactiv-
ity was observed in the TAG/F3 VZ (137%, p=0.009) compared to WT
littermates (set at 100%; see Materials and methods), most evident
close to the ventricle (compare Figs. 1Ad to Ac). Similarly to WT, dou-
ble F3-PCNA immunostaining conﬁrmed this expression to be on pro-
liferating cells in the VZ (Fig. 1B, d–f and inset in the latter).
The elevated expression in the VZ of TAG/F3 mice, including the
apical region, continued through E16 (135% versus WT littermates,
p=0.01; Fig. 1 Ah, compare to Fig. 1Ag), while expression in the CP
remained not signiﬁcantly different from controls (96% versus WT lit-
termates, p=0.6; Fig. 1Af compare to Fig. 1Ae). By E18 there was a
notable downregulation of F3 in most of the TAG/F3 VZ (74% of WT,
p=0.007; Fig. 1Al, compare to Fig. 1Ak), except in precursors lining
Fig. 1. Expression proﬁle of F3/Contactin in the developing WT and TAG/F3 cortex.A: F3 expression in developing cortical plate (CP, a–b, e–f, i–j, m–n) and ventricular zone (VZ, c–d,
g–h, k–l, o–p) fromE14 (a–d), E16 (e–h), E18 (i–l) and P0 (m–p)wild type (WT a, c, e, g, i, k, m, o) and TAG/F3 (b, d, f, h, j, l, n, p)mice. In l and p the arrows point to F3-overexpressing cells
located at the ventricular border of TAG/F3mice.B: expression of F3 (a, d) and of Proliferating Cell Nuclear Antigen (PCNA, b, e) in the E14WT (a–c) and TAG/F3 (d–f) VZ. c and f show the
merged pictures of a–b and d–e, respectively. Higher magniﬁcations in the insets.C: a: expression of a human TAX-1 promoter-LacZ reporter construct in E14 TAG/LacZ mice VZ; b–d:
expression of the TAX-LacZ transgene (b) and of the M phase marker phosphohistone H3 (PhH3) (c) in E16 TAG/LacZ mice VZ. d shows a merged picture of b–c.Scale bars. A: 20 μm;
B a, d=20 μm; C, a=40 μm; b=20 μm.
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(arrow in Fig. 1Al). A reduction was also observed in CP (90% of WT,
p=0.044; Fig. 1Aj, compare to Fig. 1Ai). This reduction relative to
WT became marked in the VZ of newborn TAG/F3 mice (31%,
pb0.0001, Fig. 1Ap, compare to Fig. 1Ao), high levels being main-
tained only close to the ventricular border (arrow in Fig. 1Ap). By
contrast, we found an upregulation of F3 in the upper cortical layers
(132% of WT, p=0.0005; Fig. 1An, compare to Fig. 1Am). Therefore,
the pattern of F3 gene expression in the TAG/F3 cortex was signiﬁ-
cantly different from WT, most notably at E14/E16 and at E18/P0
when signiﬁcant upregulation or downregulation across the VZ
were observed, respectively.
To verify that these differences in F3 expression depended upon
TAG/F3 transgene activation rather than variations in section thickness
or immunostaining procedures, we processed sister sections from WT
mice and TAG/F3 littermates with alpha-tubulin antibodies as aninternal control. Using similar morphometric quantitation, we saw no
signiﬁcant difference in alpha-tubulin expression between the two ge-
notypes at all the chosen developmental steps (not shown).
Together, these data suggest that F3 expression is speciﬁcally
deregulated in the developing TAG/F3 cortex, and that this deregula-
tion affects the distribution and/or the fate of particular cell types at
speciﬁc stages.
F3/Contactin overexpression occurs on precursor cells
It could then be suggested that the above effects resulted from the
TAG1 promoter ability to drive F3 expression on precursor cells. To
verify this possibility we double-labeled E16 forebrain sections from
TAG/LacZ and TAG/F3 mice with antibodies to radial glia/precursor
cell markers in combination with anti-ß galactosidase and anti-F3 an-
tibodies, respectively (Fig. 2). In each case this revealed that a
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gal (Fig. 2A, a–h) or anti-F3 (Fig. 2B, a–h). Thus, the above data
show that the TAG1 promoter drives expression in most cells in the
VZ, including in precursors expressing RC2 and BLBP.
Effects of F3/Contactin misexpression on VZ precursor proliferation
We previously observed that F3 overexpression suppressed prolif-
eration of granule neuron precursors (GNPs) at P3 in the cerebellar
cortex (Bizzoca et al., 2003). To determine whether similar effects
occur due to F3 misexpression in the cerebral cortex, we analysed
precursor proliferation using Proliferating Cell Nuclear Antigen
(PCNA) as a marker. Typical immunostainings of WT and TAG/F3 cor-
tices are shown in Fig. 3A, while in Fig. 3B, the results are reported of a
morphometric analysis allowing measurement of the number of la-
belled cells per ﬁeld in both genotypes (see Materials and
methods). Signiﬁcant differences were found at E14 and E16, when
113% (p=0.033) and 155% (p=0.001) ratios in TAG/F3 compared
to controls were observed, respectively. By contrast, no signiﬁcant
differences were observed at E18 (p=0.12) nor at P0 (p=0.054).
To verify that F3 overexpression affects the numbers of mitotic
precursors in the TAG/F3 cortex we pulse-labeled (1 hour) WT and
TAG/F3 mice with BrdU from E14 to P0 and then double-labelled cor-
onal cortical sections with F3 and BrdU antibodies to detect cells in S
phase of the cell cycle. Consistent with the PhH3 and PCNA labeling
data (Fig. 1), we found F3 to be expressed on BrdU-labelled cells in
the VZ at all developmental stages in WT mice (Figs. 4A–D, a–d), con-
ﬁrming that, in contrast to the developing cerebellum (Bizzoca et al.,
2003), in the developing cortex F3 is found on proliferating precur-
sors. Such a co-localization was also observed at all developmental
steps in TAG/F3 littermates (Figs. 4A–D, e–h). At E14, however, we
observed a signiﬁcant increase in the number of BrdU-labelled cells
per ﬁeld in TAG/F3 mice versus WT littermates (114% ratio,
pb0.0001; Fig. 4A compare e–h and a–d and Fig. 4Ea). This effect
was stronger at E16 (Fig. 4B, e–h, compare with a–d) when a 136%Fig. 2. Relative expression of LacZ (A), of F3/Contactin (B) and of the precursor markers
BLBP and RC2 in E16 cortex from either TAG/LacZ and TAG/F3 transgenic mice.E16 cor-
onal sections were stained with antibodies to LacZ (A b, f) or F3/Contactin (B b, f) and
to the precursor cell markers BLBP (a) and RC2 (e). c, g show merged pictures of a–b
and e–f, respectively, with d, h corresponding to higher magniﬁcations. In each geno-
type, the white boxes in a–c or e–g label corresponding regions of the VZ. Scale bars:
20 μm.ratio (pb0.0001) was observed (Fig. 4Eb). Together, these data indi-
cate that F3 overexpression at E14 and E16 expands the number of
precursors in S phase in early corticogenesis.
By contrast, at E18 there was no signiﬁcant difference in the den-
sity of BrdU-labelled cells (105%; p=0.24) between TAG/F3 and WT
littermates (Figs. 4C compare e–h with a–d and Ec). Interestingly, al-
though by P0 the ratio was also not signiﬁcantly different when esti-
mated throughout the cortex as above, a noticeable increase in
BrdU+ cells was apparent at the ventricular border (arrow in
Fig. 4Dh), which we estimated to be 150% of WT (pb0.0001) when
the analysis was restricted to the lower half of the VZ (Figs. 4D e–h,
compare with a–d and Ed).
Together, these data indicate that VZ precursor proliferation is
stimulated at E14 and E16 in the TAG/F3 cortex, coincident with the
F3 overexpression in the VZ, but this effect subsides as F3 expression
diminishes at later stages. This stimulation appears to be due to an in-
crease in the number of cells in S phase of the cell cycle.F3/Contactin misexpression affects VZ precursor cell cycle
The increase in the expression of proliferation markers in the early
cortical TAG/F3 VZ suggested that progenitor cell cycle might be af-
fected by F3/Contactin overexpression. To check this possibility we
derived information about cell cycle length and the expression of
cell cycle markers. Cell cycle length was measured through the ratio
of BrdU-incorporating versus the Ki67-expressing cells (Chenn and
Walsh, 2003; Komada et al., 2008). As shown in Figs. 5A–B at E14
the BrdU/Ki67 ratio was signiﬁcantly higher in TAG/F3 mice cortex
compared to WT littermates (0.46±0.006 versus 0.37±0.013;
pb0.0001) and the same occurred at E16 (0.49±0.0088 versus
0.38±0.008; pb0.0001), indicating that in both developmental steps
precursor cell cycle length was decreased as a consequence of F3/Con-
tactin premature expression.
At the same time, the ability of precursor cells to exit the cell cycle
was measured through the expression of the p27Kip1 cyclin-
dependent kinase inhibitor, known to drive precursor cell cycle exit
towards G0 at the G1/S interphase (Besson et al., 2008; Buttitta and
Edgar, 2007; Caviness et al., 2009; Gui et al., 2007; Nguyen et al.,
2006; Tarui et al., 2005). As shown in Fig. 5C, a–b, at E14 there were
signiﬁcantly lower levels of expression of this marker, notably in the
upper layers of the TAG/F3 cortex, which at this stage corresponds
to the preplate (PP), in which the ﬁrst born neurons normally appear
(Supèr et al., 1998). Indeed, when the number of p27kip1 expressing
cells (p27kip1+) per ﬁeld was counted, the value for the TAG/F3 cor-
tex was 64% (pb0.0001) of that for WT littermates (Fig. 5 Da). A no-
ticeable reduction in both the level of p27kip1 expression and the
number of expressing cells per ﬁeld was also found in the more lam-
inated cortex at E16 (Fig. 5c, c–f and Db); this was more apparent in
the VZ (Fig. 5C, e–f), in which the number of p27kip1+ cells in TAG/
F3 was 63% of WT (pb0.0001), than in the CP (Fig. 5C, c–d; 78.8% of
WT; pb0.0001). This p27Kip1 downregulation persisted at P0
(Fig. 5C, g–j) in both the VZ (i–j) and the CP (g–h), where the density
of p27kip1+ cells in TAG/F3 were 75% and 83.6% of WT respectively
(pb0.0001) (Fig. 5Dc).
Interestingly, at all stages analyzed, there was also a notable re-
duction in p27Kip1 nuclear localization, most obviously in the CP at
E14 (Fig. 5C, a–b, insets) but also in the VZ at E16 (e–f, insets); nuclear
localization of p27Kip1 is associated with a blockade of cell cycle pro-
gression and entry into G0 (Liang et al., 2002; Shin et al., 2002;
Viglietto et al., 2002).
These data indicated that as well as shortening the cell cycle, ele-
vated F3 expression also correlated with delayed cell cycle exit from
E14 to P0, both mechanisms resulting in the expansion of the prolif-
erating cells population, and, in turn, in decreased production of
post-mitotic cells.
Fig. 3. Changes in precursor proliferation in TAG/F3 versus wild type cortex, estimated by measuring the density of PCNA-expressing cells.A. Expression proﬁle of the Proliferating
Cells Nuclear Antigen (PCNA) in the developing cortex from E14, E16, E18 and P0 WT and TAG/F3 mice. Scale bars: 40 μm.B. Bar graphs reporting the results of the morphometric
analysis of the immunostainings shown in A. The number of PCNA-expressing cells per ﬁeld (42,467 μm2) in sections fromWT and TAG/F3 cortices is reported from E14 to P0. Asterisks
indicate statistically signiﬁcant differences (pb0.05).
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precursors into cell cycle, we examined the expression of cyclin E,
which promotes S phase entry in a rate-limiting manner (Resnitzky
et al., 1994). Cyclin E expression is restricted to cells in the G1/S tran-
sition (Ekholm et al., 2001) and is thought to antagonise p27Kip1 in
the control of S phase entry (Lukaszewicz et al., 2005). As shown in
Fig. 5E we detected a signiﬁcant increase in cyclin E expression in
the VZ of E16 TAG/F3 mice, which correlated with a 134% increase
in the number of Cyclin E-expressing cells per ﬁeld in TAG/F3 com-
pared to WT mice (pb0.0001; Fig. 5F). This suggested that, as well
as apparently inhibiting cell cycle exit and shortening the cell cycle,
F3 overexpression also promotes S phase entry, all these mechanisms
contributing to the observed increase in BrdU incorporation.
Effects of ectopic F3/Contactin expression on neurogenesis
To determine whether neurogenesis was perturbed in TAG/F3
mice, we analyzed the expression ofmarkers of different stages of neural
commitment. To assess the incidence of cells undergoing the early stages
of neurogenesis, we quantitated the expression of the bHLH protein
Neurogenin2 (Ngn2, Nieto et al., 2001), whereas the marker NeuN
(Mullen et al., 1992; Wolf et al., 1996) was used to assess the incidence
of post-mitotic neurons. In the case of Ngn2, the immunostaining proce-
dure did not allow us to easily identify isolated labelled cells, particularlyat the early stages, so the data were expressed as the intensity of immu-
nostaining per ﬁeld. NeuN was similarly quantitated, but in this case we
were also able to measure the number of labelled cells per ﬁeld, thus
allowing a direct estimation of the numbers of committed neurons.
Ngn2 expression, was signiﬁcantly downregulated in the VZ of
TAG/F3 mice at E14 (53% of WT intensity, pb0.0001; Fig. 6A, a–b)
and at E16 (64%, p=0.014; c–d), concomitant with the transgenic
F3 upregulation (compare Fig. 1A, d,h and c,g). By contrast, starting
at E18, Ngn2 was upregulated in TAG/F3 relative to WT mice in the
VZ (157%, p=0.005; Fig. 6A, g–h), and in the CP (140%, p=0.01; e–
f), and strongly upregulated at P0 in TAG/F3 VZ (214%, pb0.0001;
k–l) and CP (173%, pb0.0001; i–j).
We could not demonstrate any signiﬁcant change in the levels of
NeuN staining at E14 (102%, p=0.73, Fig. 6B, a–b), but a relative de-
crease was evident in the TAG/F3 CP at E16 (63% of WT, pb0.05;
Fig. 6B, c–d) and E18 (82% in TAG/F3 versus WT, p=0.0028; e–f).
By contrast, a sharp upregulation of NeuN became evident in the
upper layers of the TAG/F3 cortex at P0 (158% of controls, pb0.0001)
(i–j). These changes in the levels of staining reﬂect changes in the num-
ber ofNeuN+ cells perﬁeld, whichwere 100.5%ofWTat E14 (p=0.93),
52% (pb0.001) at E16 and 75% (pb0.0001) at E18. At this latter stage,
NeuN-labeled precursors were noticeably displaced towards the
upper cortical layers compared to controls, suggesting that their gener-
ationwas delayed in time. By contrast, at P0 a signiﬁcant increase in the
Fig. 4. Changes in precursor cell proliferation estimated in TAG/F3 and wild type mice cortex by BrdU incorporation.A–D. F3 expression (a, e) and BrdU incorporation (b, f) in de-
veloping cortex fromWT (a–b) and TAG/F3 (e–f) mice at E14 (A), E16 (B), E18 (C) and P0 (D). c and g show merged pictures of a, b and e, f, respectively with d, h corresponding to
higher magniﬁcations. In D, h the arrow points to cells incorporating high BrdU levels, located close to the ventricular border.E. Bar graphs showing the results of the morphometric
analysis of the immunostainings shown in A–D, reporting the number of BrdU-incorporating cells per ﬁeld (42,467 μm2) at the selected developmental steps in both genotypes.
Asterisks indicate statistically signiﬁcant differences (pb0.05). Scale bars: 20 μm.
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spondingly observed in TAG/F3 cortex, again most notably in the
upper layers. No signiﬁcant changes in the number of NeuN+ cells
were found in the lower regions of the TAGF3 cortex at E18 or P0
(Fig. 6B, g–h and k–l respectively).
These data showed that F3 overexpression at E14–E16 was accom-
panied by a reduction in the levels of Ngn2, an accepted marker of
commitment to the neuronal lineage (Nieto et al., 2001), indicating
that neurogenesis is suppressed at these stages. The reduction of
NeuN+ cells from E16–E18 suggests that this suppression of neuro-
genesis may have begun even earlier. By contrast, from E18 onwards,
as overall F3 expression levels in the TAGF3 cortex decrease relative
to controls (see Fig. 1), Ngn2 becomes upregulated, and indeed the
number of NeuN+ cells rises, particularly in the upper cortical layers,
suggesting that the early delay in neurogenesis is subsequently com-
pensated by increased neuron production at later times.F3/Contactin affects the radial glial cell phenotype
The effects on neurogenesis and precursor proliferation described
above suggested that F3 misexpression directly affects the VZ neuro-
genic precursors. We therefore analysed the expression of markers
associated with radial glia and primitive neuroepithelial cells to ex-
plore their fate in the TAG/F3 versus WT cortex. In all cases, we quan-
titated expression by measuring the overall intensity of staining,
because the nature of these markers makes the identiﬁcation of indi-
vidual cells difﬁcult. First, we probedWT and TAG/F3 cortical sections
with the RC2 antibody, which recognizes an epitope of Nestin and is a
marker of primitive neuroepithelial cells and RG in the early cortex
(Hartfuss et al., 2001; Liour and Yu, 2003; Pinto and Götz, 2007).
No statistically signiﬁcant changes were found at E14 (90.4% of
WT, p=0.1; Fig. 7A, a–b), but by E16 RC2 was sharply downregulated
throughout the whole TAG/F3 cortex to 58.4% of WT levels
Fig. 5. Changes in cell cycle parameters (cell cycle length: A–B; cell cycle exit: C–D and cell cycle entry: E–F) in TAG/F3 versus WT cortex.A. Double immunostaining showing the
expression of the proliferation marker Ki-67 (green) and the BrdU incorporation (yellow) in TAG/F3 (b,d) versus WT (a,c) mice at E14 (a,b) and E16 (c,d).B: Bar graph showing the
results of the morphometric analysis of the immunostaining shown in A, in which the ratios of BrdU+ incorporating versus Ki-67+ expressing cells are reported in both genotypes.C.
Expression of the cyclin-dependent kinase inhibitor p27-kip1 in the developing cortex from WT (a, c, e, g, i) and TAG/F3 (b, d, f, h, j) mice at E14 (a, b), E16 (c–f) and P0 (g–j). a, b
correspond to an overall view of the E14 cortex. c, d and g, h to the CP of E16 and P0 mice, respectively, while e–f and i–j to their respective VZ. Insets in a, b and e, f represent higher
magniﬁcations of the corresponding pictures.D: Bar graphs comparing the number of p27kip1-labeled cells/ﬁeld (42,467 μm2) in both genotypes at all the selected developmental
steps. The data refer to the whole cortex at E14, while the Cortical Plate (CP) and the Ventricular Zone (VZ) are separately analyzed at E16 and P0.E. Expression of Cyclin E in the E16
WT (a) and TAG/F3 (b) VZ.F: bar graph comparing the number of Cyclin E-expressing cells/ﬁeld (42,467 μm2) in E16 cortex from WT and TAG/F3 mice. Asterisks: pb0.0001. Scale
bars: A, a, c=40 μm; C, a–f=40 μm; g–j=20 μm. E, a–b=40 μm. C, a–b, e–f insets=20 μm.
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Fig. 6. Changes in cortical neurogenesis in TAG/F3 mice versus WT littermates.Expression of Neurogenin 2 (A) and of the neuronal commitment marker NeuN (B) in the developing
WT (a, c, e, g, i, k) and TAG/F3 (b, d, f, h, j, l) cortex, reported at E14 (a–b), E16 (c–d), E18 (e–h) and P0 (i–l) in the VZ (A, a–d, g–h, k–l; B, g–h, k–l) and in the CP (A, e–f, i–j, B, a–b, c–f, i–j).
Scale bars: A, a–h=40 μm; i–l=20 μm. B, a–l=40 μm.
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these changes later reversed (Fig. 7A, g–j), a signiﬁcant increase in
RC2 being apparent throughout the TAG/F3 cortex at E18, mostly ev-
ident in the VZ (152% of WT, pb0.0001, i–j). At P0 no statistically sig-
niﬁcant differences between the two genotypes could be seen (k–n,
p=0.31). This suggested that the RG phenotype is suppressed by F3
early on, and recovers as soon as F3 expression subsides.
To conﬁrm whether RC2 downregulation reﬂected a general sup-
pression of RG development, we explored the expression of further
radial glia markers. As in the case of RC2, no signiﬁcant differences
in BLBP (Li et al., 2004) expression were found at E14 between the
two genotypes (Fig. 7B, a–b). However, unlike RC2, a signiﬁcant BLBP
upregulation was observed in TAG/F3 mice at E16 (206% of WT,
p=0.0001; c–f), mostly evident in the VZ (e–f). This effect in the
TAG/F3 VZ continued at E18, although its overall increase was lower(125% of WT, p=0.0026; Fig. 7B, g–j), and persisted until at least P0,
mostly close to the ventricular border (150% of WT, pb0.0001; k–n).
A similar upregulation was seen for Vimentin (Cameron and Rakic,
1991; Dahl et al., 1981; Dupouey et al., 1985), although in this case
this was evident as early as E14 (293% compared to WT, p=0.0001;
Fig. 7C, a–b). Vimentin levels remained relatively high at E16 (317%,
p=0.0001; c–f), but dropped to normal at E18 (g–j), and then rose
sharply again in newborn mice both in the VZ (278%, pb0.0001; m–n)
and in the upper cortical layers (292%, pb0.0001; k–l).
Therefore, while RC2 was suppressed by F3 overexpression, other
radial glia cells markers, such as BLBP and Vimentin, were rather
maintained or even upregulated. Given the evidence that radial glia
are a heterogeneous population of precursor cells (Corbin et al.,
2008; Hartfuss et al., 2001; Liour and Yu, 2003), these data suggest
that F3 overexpression differentially affects the fate of VZ precursors.
Fig. 7. Radial glia markers expression in the developing TAG/F3 andWT cortex.RC2 (A), BLBP (B) and Vimentin (C) expression are reported in the cortex at E14 (a–b), E16 (c–f), E18
(g–j) and P0 (k–n), both in theVZ (e–f, i–j,m–n) and in the CP (c–d, g–h, k–l) frombothWT (a, c, e, g, i, k, m) and TAG/F3 (b, d, f, h, j, l, n)mice.Scale bars: A: a–n=40 μm.B: a–b=100 μm;
c–n=40 μm. C: a–b=40 μm; c–d=100 μm; e–n=40 μm.
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The data above indicated that F3 overexpression expanded the
cortical precursor population at the same time as inhibiting the neu-
ronal phenotype, suggesting that these effects could result in changes
in corticogenesis. We therefore explored cortical development using
the layer markers Tbr-1, a T-Box transcription factor expressed in
the deep CP and in the subplate (Kolk et al., 2006), and CDP/Cux, a
homeoprotein expressed in upper layer neurons and in the SVZ
(Cubelos et al., 2010; Nieto et al., 2004).
At E14, the number of Tbr-1 expressing cells per ﬁeld was sharply
reduced in the TAG/F3 cortex compared to WT (66%, p=0.0003;
Fig. 8A, a–e). Also evident was a change in the intensity of nuclear
staining, which was substantially reduced in TAG/F3 cells (Fig. 8A,
c–d). Since Tbr-1 is normally expressed in post-mitotic neurons, in
which it undergoes nuclear translocation (Englund et al., 2005),
these data indicate that production of mature Tbr-1+ neurons is sup-
pressed in TAG/F3 mice. Consistent with previous observations (Nietoet al., 2004), the expression of CDP/Cux in the CP was too low to allow
quantiﬁcation at this stage (Fig. 8B, a–d).
A reduction in the number of Tbr–1-expressing cells was still
obvious at E16 in the lower CP (88% in TAG/F3 versus WT mice,
p=0.010; Fig. 8A, f–j) and was now accompanied in the upper
CP of TAG/F3 mice by a slight, but signiﬁcant reduction in CDP/Cux-
expressing cells (91% of WT, p=0.011; Fig. 8B, e–i).
In the newborn (P0) TAG/F3 cortex, the number of Tbr-1 expres-
sing cells was 80% of controls (pb0.0001) (Fig. 8A, k–o), the same ef-
fect being observed at P8 (Fig. 8A, p–t). However, stronger effects
were evident for CDP/Cux-expressing cells, whose number was 66%
of the WT at P0 (p=0.0001, Fig. 8B, j–n). By contrast, by P8 the den-
sity of CDP/Cux labeled cells was not signiﬁcantly different overall
(107%, p=0.3; Fig. 8B, o–p). However, when expressing cells were
counted in different regions of the CP, signiﬁcant changes were ob-
served in the lower (114% of WT; p=0.0058) and upper (96% of
WT; p=0.038) halves of the TAG/F3 CP, respectively (Fig. 8B, q–r,
arrow and s). Thus, the number of CDP/Cux-expressing cells was
Fig. 8. Cerebral cortex development in TAG/F3 versus WT mice.A. Expression of the lower layers marker Tbr-1 in the WT (a, c, f, h, k, m, p, r) and TAG/F3 (b, d, g, i, l, n, q, s) cortex at
E14 (a–d), E16 (f–i), P0 (k–n) and P8 (p–s). Bar graphs (e, j, o, t) report on the result of the morphometric analysis (Tbr-1 labelled cells/179,437 μm2 ﬁeld) in either genotype at each
developmental step.Scale bars: A: a–b=40 μm; c–d=20 μm; f–g, m–n, r–s=50 μm; h–i, k–l, p–q=100 μm.Asterisks indicate statistically signiﬁcant differences (see text).B. Ex-
pression of the upper layer marker CDP/Cux in WT (a, c, e, g, j, l, o, q) and TAG/F3 (b, d, f, h, k, m, p, r) cortex at E14 (a–d), E16 (e–h), P0 (j–m) and P8 (o–r). Bar graphs (i, n, s)
report on the results of the morphometric analysis (CDP/Cux-labelled cells/179,437 μm2 ﬁeld) in either genotype at E16, P0 and P8. In P8 cortex the analysis was done for both
upper and lower halves of the CDP/Cux-expressing region. In panel Br, the arrow points to overexpressing cells located in the lower half of the CDP/Cux-expressing region.Scale
bars: B: a–b=40 μm; c–d=20 μm; e–f, j–k, o–p=100 μm; g–h, l–m, q–r=40 μm. Asterisks indicate statistically signiﬁcant differences (see text).C. Results of a representative
BrdU birth-dating experiment in which E14 pregnant mice were injected with BrdU and analyzed for tracer incorporation at postnatal day 8th. In TAG/F3 mice (b), BrdU-labelled cells
were displaced towards the cortical surface compared to controls (a) (see the arrows). In addition the density of BrdU-labeled cells per ﬁeld (363,520 μm2) was lower in TAG/F3 mice
(see the bar graph in c). The proﬁle of DAPI staining is reported in both genotypes as a reference pattern. Scale bars: C, a–b=100 μm. Asterisk: pb0.0001.
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concomitant decrease in its upper region, suggesting a delay in
corticogenesis.
Together, the data on Tbr-1 and CDP/Cux expression indicate that
both early and late corticogenesis were delayed by F3 overexpression.
The data also suggest that the late recovery in neurogenesis results in
a surplus of upper layer neurons (CDP/Cux expressing) at the expense
of deeper layer neurons (Tbr-1 expressing).To conﬁrm that a delay in neurogenesis is imposed by F3 overex-
pression we performed BrdU birth-dating experiments. Pregnant
mothers were injected with BrdU at E14 and E17 and then tracer in-
corporation was studied in the P8 cortex. As shown in Fig. 8C, a–b,
and as conﬁrmed by morphometric analysis (Fig. 8Cc), the number
of labeled cells/ﬁeld in E14 injected TAG/F3 mice was 79% of that in
WT (pb0.0001). Interestingly, the whole population of BrdU-labelled
cells was displaced towards the cortical surface (arrows in Fig. 8 C, a–b).
144 A. Bizzoca et al. / Developmental Biology 365 (2012) 133–151These data indicate that fewer neurons are born at E14 in TAG/F3 mice
and those that are labelled at this time end upwith amore superﬁcial dis-
tribution compared to those born at the same time in wild type, suggest-
ing delayed corticogenesis. When the same analysis was performed on
mice injected at E17, no statistically signiﬁcant differences in BrdU incor-
poration were observed between the two genotypes (p=0.15). In addi-
tion no changes in the layer distribution of the labeled cells could be
demonstrated upon morphological analysis (not shown), indicating that
F3/Contactin overexpression affects only the early stages of cortical neu-
rogenesis, consistent with the pattern of TAG1 promoter expression
seen by LacZ analysis (see above).Expression of Notch pathway components in TAG/F3 versusWTmice cortex
The proﬁle of precursor proliferation/commitment markers in-
duced by F3 overexpression is reminiscent of the effects of ectopic ac-
tivation of the Notch pathway (Gaiano et al., 2000; Tokunaga et al.,
2004; Yoon et al., 2004). Given that F3 has been reported to bind
and activate Notch on oligodendrocyte precursors (Hu et al., 2003),
we investigated whether Notch activation might account for the F3
effects on neurogenesis. An antibody against the processed form of
the Notch Intracellular Domain (NICD), a marker of Notch activation
(Tokunaga et al., 2004), revealed evidence of elevated Notch signaling
in the developing TAG/F3 cortical VZ, with notable effects at E14
(150% expression level compared to controls, p=0.009, Fig. 9A,
a–b), E16 (140.5%, p=0.005, c–d), E18 (167%, pb0.0001, e–f) and
P0 (223%, pb0.0001, g–h). Consistent with this, the Hes-1 transcrip-
tion factor (Fig. 9B) was signiﬁcantly upregulated in the TAG/F3 VZ
at E14 (132% of WT, p=0.009, a–b), E16 (171%, p=0.0001, c–d),
E18 (127%, p=0.039; e–f) and P0 (178%, p=0.0002, g–h). From
E18 onward, these effects were mostly evident on precursor cells at
the ventricular border, which also expressed higher F3 levels (cf.
Fig. 1A, l,p). Thus, in regions of elevated F3 expression in the TAG/F3
VZ there is a correlative upregulation of Notch pathway components,
consistent with F3 acting through Notch to mediate its effects. In
agreement with this possibility, double F3/NICD immunostaining pro-
vided evidence of co-localization of both molecules in E14 VZ
(Fig. 9C). Together with the evidence of Notch pathway activation
(Figs. 9A–B) and according to the data of Hu et al. (2003) on oligoden-
drocyte precursors, this ﬁnding is consistent with direct molecular in-
teractions of Notch receptors with F3/Contactin underlying the
observed phenotype.
We also compared the changes of F3 expression to those of Notch
pathway components and of proteins indicative of neurogenesis by
western blot analysis of whole forebrain extracts (Figs. 10A–B). Per-
haps not surprisingly, given the highly localised upregulation seen
at later stages in the TAG/F3 cortex, the western analyses revealed a
correlation with the immunohistochemical data most clearly at
early stages: by densitometry (Fig. 10B), F3 expression was found sig-
niﬁcantly increased in TAG/F3 versus WT cortex at E14 (186%;
p=0.014) and E16 (151%; p=0.035). This difference then dropped
to 110% (p=0.03) at E18, while a 120% value (p=0.0048) was ob-
served at P0. Therefore two main peaks of F3 overexpression were
found in the TAG/F3 forebrain, at E14–16 and at P0, lower differences
being observed in between. Elevated expression of NICD and Hes-1
was also found early on in TAG/F3 cortex: NICD was 160% of control
(p=0.03) at E14 and 126% at E16 (p=0.058); no signiﬁcant differ-
ences were found at E18 (p=0.5) nor at P0 (p=0.15), when expres-
sion of NICD was generally downregulated in both genotypes. As for
Hes-1, signiﬁcant differences could be detected at E14 (130% of WT;
p=0.01), while no signiﬁcant effects were found at E16 (p=0.6),
E18 (p=0.9) and P0 (p=0.3). F3 upregulation also correlated with
Neurogenin 2 downregulation, mostly evident at E14 (75%
pb0.0001), consistent with the molecule exerting inhibitory effects
on neurogenesis.Thus, in the early cortex, by both immunohistochemical and west-
ern blot analysis, transgenic upregulation of F3 protein correlates
with upregulation of Notch pathway components NICD and Hes-1.
Immunohistochemistry demonstrates that this correlation continues
at later times, particularly in speciﬁc regions of the ventricular zone,
but these differences are too localised to be detected by western
blot analysis of whole forebrain. Taken together, these data support
the hypothesis that F3 ectopic expression in the VZ activates compo-
nents of the Notch pathway, which results in negative effects on
neurogenesis.
Changes in the expression of precursor proliferation/differentiation
markers and of Notch pathway components in forebrain primary cultures
The relationship between expression of F3, of proliferation/differ-
entiation markers and of Notch pathway components was also stud-
ied in primary cultures of E16 forebrain cells (Fig. 11A) and
estimated by morphometric analysis (Fig. 11B). As expected, an in-
crease in F3-labelled cells per ﬁeld was observed in 8 day-old cultures
from TAG/F3 mice (Fig. 11A, a–b; 115% compared to WT, p=0.002).
This correlated with a sharp increase in the number of BrdU-
labelled cells, compared to WT, measured after a 24 h pulse (c–d;
220%, pb0.0001). A signiﬁcant decrease in the number of p27kip1-
expressing cells (e–f; 81%, pb0.0001) was also observed. Also consis-
tent with the in vivo observations was an increase in the percentage
of cells expressing NICD in TAG/F3 mice cultures (g–h; 187% of WT,
p=0.0001); moreover NICD was very obviously more concentrated in
the nuclei of cells from TAG/F3mice, compared to controls (g–h, insets).
Similarly, an increase in the number of cells exhibiting high levels of
Hes-1 in their nuclei (117% of WT, p=0.0003) was observed (i–j, and
insets therein). As in vivo, NeuNwas downregulated in TAG/F3 primary
cultures (k–l) to 88% of the level seen in controls (p=0.0028).
Effects of F3-Fc fusion protein on cultured forebrain cells
To conﬁrm that F3 overexpression could be causal in effecting the
changes seen above, we asked whether addition of F3 protein to cul-
tures of wild type cells had similar effects. Therefore, in an independent
series of experiments, forebrain cells from E16 WT mice were cultured
with or without addition of an F3/Contactin-Fc fusion protein (F3-Fc;
Xenaki et al., 2011) for 48 h and then assayed for expression of prolifer-
ation and differentiation markers (Fig. 12A). Quantitation of the results
is shown in Fig. 12B (labeled cells per ﬁeld, the ﬁeld being
179,437 μm2). Under these conditions a signiﬁcant (pb0.0001) 213%
increase in the number of NICD (Fig. 12A, a–b) and Hes-1 (c–d; 159%,
pb0.0001) expressing cells was observed after addition of the F3-Fc fu-
sion protein to the medium. This was accompanied by an increase in
BrdU-labelled cells after a 24 h pulse (BrdUwas added at 24 h for the re-
mainder of the culture; Fig. 12 A, e–f; 158%, p=0.0001),which correlat-
ed with a signiﬁcant downregulation of p27kip1 (g–h; 50%, pb0.0001).
The number of BLBP-expressing cells was also signiﬁcantly increased
(i–j; 180%, p=0.0003), while NeuN- (k–l) and Neurogenin2- (m–n)
expressing cells were sharply reduced with 42% (pb0.0001) and 68%
(p=0.0005) values, respectively.
Together, these data indicate that the F3-Fc fusion protein exerted
similar effects to those arising from F3/Contactin upregulation in vivo
and in cultures from TAG/F3 mice, strongly suggesting that direct in-
teractions of F3 with cortical precursors are responsible for these
effects.
Discussion
We show here that regulated expression of the F3/Contactin gene is
critical to orderly corticogenesis since its deregulation, using part of the
human TAG1 promoter, results in substantial suppression of early neu-
rogenesis and concomitant accumulation of uncommitted precursors in
Fig. 9. Activation proﬁle of the Notch pathway in TAG/F3 versus WT cortex.Generation of the Notch intracellular domain (NICD) (A) and expression of the Hes-1 transcription factor
(B) in TAG/F3 (b, d, f, h) versus wild type (a, c, e, g) VZ at E14 (a–b), E16 (c–d), E18 (e–f) and P0 (g–h). Scale bars: A, a–f=40 μm; g–h=20 μm. B, a–h=40 μm.C: Double staining
experiments demonstrating the relative expression of the Notch intracellular domain (NICD) and of F3/Contactin in E14 ventricular zone. Note co-localization of both molecules
(Merge). Bar graph: 20 μm.
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effects of F3 on cerebellar development (Bizzoca et al., 2003;
Xenaki et al., 2011), these ﬁndings allow us to propose a general
role for this glycoprotein in modulating the progression of neuronal
precursor development in the CNS.
Our demonstration of F3 expression on proliferating cells in the
cortical ventricular zone is novel and suggests that F3 may be an
important component of those pathways which mediate the feed-
back control of neurogenesis (Bel-Vialar et al., 2007; Chang et al.,
2008; Gazit et al., 2004; Gobert et al., 2009; Kawauchi et al.,
2009; Platel et al., 2008; Seuntjens et al., 2009), including, in the
cerebral cortex, the modulation of the proliferation and commit-
ment of VZ precursors. Concomitant changes in the expression of
Notch pathway components suggest that activation of the Notch
signaling contributes to the mechanisms whereby the observed ef-
fects are exerted.Effects of F3/Contactin on VZ precursor proliferation
Proliferation of VZ precursors undergoes a complex regulation, in-
volving modulation of cell cycle progression during their so-called
Interkinetic Nuclear Migration (INM; Guerrier and Polleux, 2007;
Konno et al., 2008; Murciano et al., 2002; Takahashi et al., 1996;
Taverna and Huttner, 2010; Xie et al., 2007). INM is a critical event
in corticogenesis as it prevents extensive mixing of cells undergoing
S phase of the cell cycle in the basal region, where expansion of the
precursor pool occurs, with those undergoing M phase, speciﬁcation
(Frade, 2002; Latasa et al., 2009; Murciano et al., 2002) and lateral in-
hibition (Kageyama et al., 2008) in the apical region. In this process, a
key role is played by cyclins (Mairet-Coello et al., 2009; Resnitzky et
al., 1994), which promote cell cycle entry and transit through the S
phase, and by cyclin-dependent Kinase inhibitors (Cki) of the INK4
(Jeffrey et al., 2000) and Kip (Besson et al., 2008) families, which
Fig. 10. Expression proﬁles of F3/Contactin, of Notch pathway components and of Neurogenin 2 in developing cortex as determined by western blotting.A. Detection of F3/Contactin
(F3), NICD, Hes-1 and Neurogenin 2 (Ngn2) on extracts of E14, E16, E18 and P0 WT and TAG/F3 forebrain. The pattern of alpha-tubulin is reported as an internal control.B reports
the results of the densitometric scans of the western blots shown in A. Asterisks indicate statistically signiﬁcant differences (see text).
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Also relevant are the proneural genes, which activate Cki expression
(Farah et al., 2000; Nguyen et al., 2006; Ohnuma and Harris, 2003;
Vernon et al., 2003) and the Notch pathway, which counteracts the
action of proneural genes (Ohnuma and Harris, 2003; Shimojo et al.,
2008; Tokunaga et al., 2004).
Although loss of function studies will be needed to verify their
physiological signiﬁcance, our data strongly suggest that F3 is involved
in the control of these events in the developing cerebral cortex. In con-
trast to the results of our previous studies on the cerebellar cortex
(Bizzoca et al., 2003; De Benedictis et al., 2006; Virgintino et al., 1999)
we found that, in addition to expected expression on post-mitotic
cells in the upper cortical layers, F3 is expressed on cycling VZ precur-
sors. Moreover, F3 expression appears related to speciﬁc phases of the
cell cycle, being higher in the basal region where, due to INM, precur-
sors undergo phase S and lower or undetectable in the apical region
near the ventricle, where precursors undergo phase M, which is also
the point at which they exit the cell cycle, enter G0 or, alternatively, re-
enter S phase and continue to cycle (Murciano et al., 2002; Nguyen et
al., 2006).
In TAG/F3 mice, the increases in both BrdU incorporation and
PCNA expression in the early cortex indicate that precursor prolifera-
tion is somehow stimulated by F3 overexpression and our data are
most consistent with this change being due to increased levels of F3
in the VZ. The increase in Cyclin E expression and downregulation
of Cyclin-dependent kinase inhibitors that occurs at the same time,
suggest that modulation of both precursor cell cycle entry and exit
are involved. Such a mechanism has been also reported in the case
of the effects of the Insulin-like Growth Factor 1 (Mairet-Coello et
al., 2009). In addition, we report evidence that the length of the cell
cycle is signiﬁcantly reduced in TAG/F3 mice ventricular zone, a ﬁnding
which is consistent with the observed increase in precursor prolifera-
tion and suppression of neurogenesis (Calegari et al., 2005; Götz and
Huttner, 2005; Takahashi et al., 1995).
Effects of F3/Contactin on VZ precursor commitment and on neurogenesis
In the VZ of TAG/F3 mice, increased BrdU incorporation correlates
with upregulation of BLBP and Vimentin precursor markers (Anthonyet al., 2005; Cameron and Rakic, 1991; Li et al., 2004, 2008), most ev-
ident at E14 and E16, consistent with the expansion of the radial glia
precursor pool. At the same time these effects correlate with downre-
gulation of Neurogenin2 in the VZ. Since Neurogenin2 expression in
VZ precursors marks the commitment of cells and promotes restric-
tion to the neuronal fate (Fode et al., 2000; Nieto et al., 2001), this
is consistent with the idea that F3 overexpression suppresses neuro-
genesis and maintains VZ precursors in the uncommitted, pluripotent
state. Consistent with this suppression occurring from at least as early
as E14, as suggested by the Ngn2 downregulation, the subsequent ap-
pearance of the post-mitotic neurons, indicated by NeuN expression,
was suppressed at E16 and E18.
Downregulation of RC2 (Götz, 2003; Götz and Barde, 2005; Götz
and Huttner, 2005; Kriegstein and Götz, 2003; Noctor et al., 2002;
Park et al., 2009) occurs at the same time as the suppression of neu-
ronal commitment markers. Differential effects of F3 are observed
on the different radial glia markers assayed (either BLBP/Vimentin
or RC2), suggesting that its expression correlates with the generation
of radial glia subtypes, and supporting the notion that radial glia are a
heterogeneous precursor cell population, which may undergo differ-
ential commitment upon activation of speciﬁc pathways (Corbin et
al., 2008).
Effects of F3/Contactin expression on corticogenesis
Cortical development involves an inside-out proﬁle of precursor
commitment (Buttitta and Edgar, 2007; Campbell, 2005; Frantz and
McConnell, 1996; Guillemot, 2005; McConnell, 1991; Miller and
Gauthier, 2007; Nguyen et al., 2006) and the delay in neurogenesis
caused by F3 overexpression affects this process accordingly. In par-
ticular, by BrdU birth-dating experiments we found a reduction of
the number of cells born at early stages, mostly at E14. Moreover,
both lower (Tbr1) and upper (CDP/Cux) layer marker expression
was reduced early on. However, whereas the numbers of Tbr1-
positive cells remained low throughout corticogenesis, presumably
reﬂecting the loss of early-generated precursors, early CDP/Cux
downregulation was replaced by an increase in CDP/Cux-expressing
neurons towards the end of corticogenesis. This is consistent with
the notion that while F3 overexpression inhibits neurogenesis in the
Fig. 11. Effects of F3/Contactin overexpression on E16 forebrain primary cultures.A. Expression of proliferation/differentiation markers inWT (a, c, e, g, i, k) and TAG/F3 (b, d, f, h, j, l)
E16 forebrain primary cultures. The immunostainings for F3 (a, b), the BrdU incorporation in 8 days old cultures after 24 h incubation (c–d), the staining for p27Kip1 (e–f), NICD (g–h), Hes-1
(i–j) and NeuN (k–l) are reported. Scale bars: a–b, g–l=20 μm; c–f: 40 μm.B. Histogram showing the percentage of primary cells which express F3, which incorporate BrdU after a 24 h
incubation period (in 8 days old cultures) and which express p27Kip1, NICD, Hes-1, and NeuN in both WT and TAG/F3 mice cultures. Asterisks indicate statistically signiﬁcant differences
(see text).
147A. Bizzoca et al. / Developmental Biology 365 (2012) 133–151early development, neurogenic progenitor production then resumes
later on, when environmental cues are known to favour production
of neurons with upper layer phenotypes (Frantz and McConnell,
1996). Together, these data suggest that, as a consequence of the
modiﬁed F3 expression proﬁle, corticogenesis was delayed.
F3/Contactin misexpression correlates with Notch pathway activation in
vivo
The effects of aberrant F3 expression on corticogenesis are consis-
tent with the known consequences of Notch pathway activation,
which, while generally expanding the population of precursors
(Corbin et al., 2008; Dang et al., 2006; Li et al., 2008; Yoon et al., 2004,
2008), also suppresses neuronal commitment (Hatakeyama and
Kageyama, 2006; Holmberg et al., 2008; Li et al., 2004; Louvi and
Artavanis-Tsakonas, 2006; Lütolf et al., 2002) and results in reduced
neurogenesis (Guillemot, 2005; Louvi and Artavanis-Tsakonas, 2006;
Lütolf et al., 2002). Previous studies indicated that F3 activates Deltex-
dependent Notch signaling in oligodendrocyte precursors (OPCs) (Hu
et al., 2003), which promotes their differentiation, thus exertingopposite effects compared to the canonical Notch pathway (Park and
Appel, 2003).Weﬁndhere that F3 overexpression in the cortical VZ cor-
relateswith activation of Hes-dependent Notch pathway, and promotes
its canonical effects on the neuronal lineage, including expansion of the
precursor pool and suppression of neuronal commitment and differen-
tiation (Kageyama et al., 2008). Consistent with this, the F3 effects on
precursor proliferation/commitment appear modest (diverging by
about 35% and 40% from controls, respectively), similar to those resulting
from Notch pathway activation (Mizutani and Saito, 2005). That this
might be due to a direct interaction of F3/Contactin with Notch is sug-
gested by co-localization of both proteins in the VZ, though further
studies will be required to verify this.
Together with the results of Hu et al. (2003) these data suggest that
F3 modulates Notch pathway on both oligodendrocyte and neuronal
precursors, with different effects, however, maintaining rather than
antagonising the progenitor cell state in the latter. This is consistent
with observations that the outcome of Notch signaling is context-
dependent (Louvi and Artavanis-Tsakonas, 2006) and suggests that F3
may contribute to the context-dependent outcome of the Notch
signaling.
Fig. 12. Effects of puriﬁed F3/Contactin-Fc fusion protein on proliferation/commitment of mouse forebrain primary cultures.A. Expression of Notch pathway components and of
proliferation/differentiation markers in E16 mice forebrain primary cultures upon a 48 h incubation with F3/Fc fusion protein. Treated (b, d, f, h, j, l, n) are compared to control
(a, c, e, g, i, k, m) cultures. Upon fusion protein incubation NICD (a–b) and Hes-1 (c–d) upregulation are observed together with upregulation of BrdU incorporation (e, f), of
BLBP expression (i–j) and downregulation of p27Kip (g–h) NeuN (k-l) and Neurogenin 2 (m–n). Scale bars 40 μm.B. Bar graph summarizing the data arising from the morphometric
analysis of the immunostaining reported in A. Asterisks indicate statistically signiﬁcant differences (see text).
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in the VZ
Differential activation of the Notch signaling was observed along
the TAG/F3 VZ, resulting in higher levels close to the ventricular border
in later developmental stages. An intriguing possibility is that this phe-
notype results from the observed spread of F3 expression apically in
TAG/F3mice, which reﬂects the activation proﬁle of the TAG1 promoter
used to drive its ectopic expression. Studies of INM in the developing
retina suggest that Notch signaling is predominantly activated on apical
membranes and that neurogenesis results when nuclei spend less time
adjacent to membranes on which Notch is activated (Del Bene et al.,
2008; Ohata et al., 2011). Thus, it is possible that F3 upregulation results
in increased adhesion ofmigrating cells toﬂanking radial glia and there-
fore in delayed INM, in turn increasing the time precursors are exposed
to Notch signals with subsequent negative effects on neurogenesis.
Such a possibility is consistent with the increase in NICD/Hes-1 expres-
sing cells from E18 onward at the ventricular border. In principle, an ef-
fect of F3 on cell adhesionmay be independent of direct binding of F3 to
Notch andmay imply a homophilicmechanism (Gennarini et al., 1991):
increased cellular adhesivity could then result in the activation of the
Notch pathway by promoting interactions of Notchwith its canonical li-
gands. However, our results using the puriﬁed F3/fc fusion protein, to-
gether with the demonstration of F3/NICD co-localization in E14
ventricular zone suggest that direct interactions of F3 with Notch may
underlie the observed effects. Clearly, other Notch ligands are known
to be critically required for cortical development (Kawaguchi et al.,
2008; Yoon et al., 2008) and, therefore, whether or not F3 binds Notchdirectly, our assumption is that F3 plays amodulatory role in regulating
Notch activity rather than being a key determinant of it. Loss of function
studies could be helpful in this respect. Nonetheless, loss of F3 does lead
to early postnatal lethality and the effects of its loss on cortical develop-
ment have not been studied (Berglund et al., 1999). Clearly, further
studies, including on F3 knockout mice, will be required to distinguish
whether F3 acts directly or indirectly to cause Notch activation in the
cortical VZ.
Effects on postnatal precursors
In the VZ of TAG/F3 mice, prenatal F3 upregulation at E14 and E16
is followed by a subsequent downregulation, shown at E18 and, in the
postnatal period, at P0. To explain this ﬁnding it may be assumed that
persistent Notch pathway activation in the VZ continues to exert nega-
tive effects on neurogenesis, and therefore on F3-expressing neuronal
precursors. Thus, F3 downregulation in the TAG/F3 CP from E18 onward
may reﬂect neurogenesis inhibition, thus providing a further example
of feedback control of neurogenesis.
However, at P0 a recovery of neuronal number, deduced by upre-
gulation of neuronal commitment markers, including F3/Contactin it-
self, in the CP, indicates that a general recovery of neurogenesis
follows the earlier inhibition. Given that F3 levels are lowered on VZ
precursors from E18 onward, this is a further indication of the inverse
relationship between F3 expression and neurogenesis. The concomi-
tant occurrence of Notch activation and neurogenesis recovery may
be explained by the evidence that this pathway, as well as gliogenesis,
may be activated by committed neuronal precursors in neighbouring
149A. Bizzoca et al. / Developmental Biology 365 (2012) 133–151cells (Namihira et al., 2009). Positive effects on gliogenesis, which
represent a further consequence of Notch pathway activation (Lütolf
et al., 2002; Scheer et al., 2001) may be also predicted. Whatever
the underlyingmechanism, it is clear that the signaling in the postnatal
TAG/F3 mice cortex is complex, and so alternate approaches will be re-
quired to dissect out the later effects of the transgene.
Conclusions
The data presented in this study demonstrate that F3 overexpression
results in delayed corticogenesis, and suggest a speciﬁc signiﬁcance to
the physiological F3 gene expression proﬁle in corticogenesis: lower
levels of F3 in early embryonic development appear to be permissive
for neurogenesis during expansion of the neuronal precursor pool. On
the other hand, postnatal upregulation provides signals that inhibit fur-
ther neuronal precursor expansion, thus contributing to the normal se-
quence of cell type speciﬁcation during corticogenesis (Miller and
Gauthier, 2007). These effectsmay be related to the ability of F3/Contac-
tin to interfere with speciﬁc events of the precursor cell development
(supplementary Fig. 1), ranging from proliferation to commitment
and differentiation. Together with our previous results (Bizzoca et al.,
2003; Xenaki et al., 2011), this suggests that L1-CNTNs exert a complex
regulatory role on neurogenesis, and act at multiple stages, not just ter-
minal differentiation, tomodulate the number and character of neurons
produced.
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